In Brief
Production of haploid gametes requires the maintenance of centromeric cohesion between sister chromatids through meiosis I-II transition. Ding et al. show that centromeric SUMOs are enriched during late anaphase I and telophase I, when the cohesion protector shugoshin Sgo2 is undetectable, and act to maintain centromeric cohesion in mouse oocytes. 
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SUMMARY
The production of haploid gametes requires the maintenance of centromeric cohesion between sister chromatids through the transition between two successive meiotic divisions, meiosis I and meiosis II. One mechanism for the cohesion maintenance is shugoshin-dependent protection of centromeric cohesin at anaphase I onset [1] [2] [3] . However, how centromeric cohesion is maintained during late anaphase I and telophase I, when centromeric shugoshin is undetectable [1] [2] [3] , remains largely unexplored. Here we show that the centromeric small ubiquitin-related modifier (SUMO) pathway is critical for the maintenance of centromeric cohesion during post-anaphase-I periods in mouse oocytes. SUMO2/3 and E3 ligase PIAS are enriched near centromeres during late anaphase I and telophase I. Specific perturbation of the centromeric SUMO pathway results in precocious loss of centromeric cohesin at telophase I, although shugoshin-dependent centromeric protection at anaphase I onset remains largely intact. Prevention of the SUMO perturbation during post-anaphase-I periods restores the maintenance of centromeric cohesion through the meiosis I-II transition. Thus, the postanaphase-I centromeric SUMO pathway ensures continuous maintenance of centromeric cohesion through the meiosis I-II transition.
RESULTS
Faithful meiotic chromosome segregation requires specific regulation of kinetochores [4] [5] [6] . The constitutive kinetochore component CENP-C serves as a conserved scaffold for the recruitment of meiosis-specific regulators [7, 8] . To search for novel factors for meiosis-specific regulation of kinetochores in mouse oocytes, we performed yeast two-hybrid screening using CENP-C as a bait. This screening identified 14 positive clones, which included 12 genes ( Figure 1A ; Table S1 ). Among these clones, PIAS1, a small ubiquitin-related modifier (SUMO) E3 ligase [9] [10] [11] , exhibited a kinetochore-like localization pattern when expressed as a fusion protein with monomeric EGFP (mEGFP-PIAS1) in mouse oocytes at metaphase II (Figure 1B ; Table S1 ). We observed similar localization patterns of other PIAS family proteins (mEGFP-PIAS2, -PIAS3, and -PIAS4) ( Figure S1A ). The localization of PIAS proteins near kinetochores is consistent with previous reports using mitotic cells [12, 13] . Immunostaining of oocytes confirmed kinetochore localization of endogenous PIAS1 ( Figure 1C ). Ratiometric quantification showed that the level of kinetochore localization at telophase I was significantly higher than those at metaphase I and metaphase II ( Figure 1C ). Thus, PIAS1 is enriched near kinetochores possibly through interaction with CENP-C, and its enrichment is enhanced at telophase I in mouse oocytes.
We next investigated SUMO localizations. In mammals, there are three SUMO isoforms. Two of these isoforms, SUMO2 and SUMO3, share 96% sequence identity and most likely have largely redundant functions [9] [10] [11] . Immunostaining of oocytes showed that SUMO2/3 were enriched near kinetochores (Figure 1D) , consistent with previous reports [12] [13] [14] [15] . A close examination revealed that the SUMO2/3 signals exhibited a pair of dots near kinetochores at metaphase I ( Figure S1B ). Shugoshin Sgo2, a protector of centromeric cohesion, was found at a region between the pair of SUMO2/3 signals (Figure S1B) . Thus, SUMO2/3 are enriched close to centromeric domains critical for cohesion maintenance. Live imaging of mNeonGreen (mNG)-fused SUMO3gg, the processed form of SUMO3, demonstrated that mNG-SUMO3gg was progressively enriched at centromeres during anaphase I and telophase I (0-80 min after anaphase I onset) and thereafter showed a gradual reduction until prometaphase II ( Figure 1E ). In contrast, the non-conjugatable form SUMO3ga exhibited no detectable centromeric enrichment ( Figure S1C ). mNG-SUMO2gg exhibited a similar localization pattern to that of mNG-SUMO3gg ( Figure S1D ). In contrast to SUMO2/3, SUMO1 did not exhibit detectable enrichment near centromeres but was detected as punctate foci around the spindle during prometaphase I ( Figures  S1E and S1F ). These results demonstrate that PIAS and SUMO2/3, but not SUMO1, are enriched at centromeres and that the enrichment is progressively enhanced during anaphase I and telophase I. The temporal changes in the localization levels of SUMO2/3 are in striking contrast to those of shugoshin Sgo2, which protects centromeric cohesion at anaphase I onset [1] [2] [3] . Sgo2 labeled with SunTag [16] , which exhibited centromeric localization at metaphase I, was sharply reduced to undetectable levels by $5 min after anaphase I onset and remained undetectable until the end of telophase I ($80 min after anaphase I onset; Figure S2A ; Video S1), consistent with previous reports [2, 3] . We cannot exclude the possibility that a very small fraction of Sgo2 remains at centromeres during late anaphase I and telophase I. PP2A-B56, which binds to multiple centromeric proteins including Sgo2 [17] [18] [19] [20] [21] , also exhibited a significant reduction at centromeres after anaphase I onset ( Figure S2B) . Thus, the temporal patterns of centromeric SUMO2/3 localization are complementary to those of the Sgo2-PP2A-B56 complex.
To explore the role of the centromeric SUMO pathway, we aimed to establish a tool that perturbs the SUMO pathway specifically at centromeres. We found that a dominant-negative form of PIAS1 (C350S mutation in the SP-RING domain, PIAS1(dn)) [22, 23] failed to localize at centromeres ( Figure S2C ), which suggests that E3 ligase activity is required for PIAS1 to localize at centromeres. This cytoplasmic PIAS1(dn) gave no obvious defects in spindle assembly or in chromosome alignment (data not shown; Figure 2A ), unlike global perturbation of intracellular SUMO pathways in oocytes [15, 24] . Moreover, the level of SUMO2/3 at centromeres was not significantly affected by PIAS1(dn) expression ( Figure S2D ). These results suggest that PIAS1(dn) failed to significantly perturb endogenous PIAS proteins at the concentration used in this experiment. However, when PIAS1(dn) was locally concentrated near centromeres by fusion to CENP-C (Figure 2A ), the level of centromeric SUMO2/3 was significantly decreased ( Figure 2B ). Conversely, expression of wild-type PIAS1 fused to CENP-C (PIAS1-CENP-C) significantly increased the level of centromeric SUMO2/3 ( Figure 2C ). These results indicate that CENP-C-fused PIAS1 proteins can be used as a tool to manipulate the centromeric SUMO pathway.
Using this tool, we investigated the consequences of perturbation of the centromeric SUMO pathway. In mNG-PIAS1(dn)-CENP-C-expressing oocytes, we observed no significant defects in chromosome alignment at meiosis I (Figure 2A ). At metaphase II, however, misaligned chromosomes dramatically increased ( Figure 2A ). Imaging of fixed oocytes at high resolution, which allowed detection of all kinetochores after 3D reconstruction, demonstrated that the expression of PIAS1(dn)-CENP-C dramatically increased defects in centromeric cohesion at metaphase II ( Figure 2D ). Analysis of oocytes after monastrol treatment, by which individual chromosomes can be clearly visualized [25] , confirmed the cohesion defects in PIAS1(dn)-CENP-C-expressing oocytes ( Figure S3A ). In contrast, PIAS1-CENP-C had only minor effects on centromeric cohesion ( Figures 2D and S3A ) but dramatically increased chromosome misalignment at both metaphase I and metaphase II (Figures 2A and 2D) , possibly due to defects in kinetochoremicrotubule attachments. Centromeric cohesion is mediated by the proteinaceous complex cohesin [26, 27] . Immunostaining revealed that the centromeric amount of meiotic cohesin subunit Rec8 was significantly decreased in PIAS1(dn)-CENP-C-expressing oocytes at metaphase II ( Figure 2E ). Consistently, the centromeric amount of Smc3, another cohesin subunit, was significantly decreased at telophase I ( Figure S3B ). The introduction of PIAS1(dn)-CENP-C at metaphase II induced no detectable cohesion defects ( Figure S3C ). Collectively, these results indicate that perturbation of the centromeric SUMO pathway causes a defect in the maintenance of centromeric cohesion during meiosis I-II transition.
The loss-of-cohesion phenotype observed in mNG-PIAS1 (dn)-CENP-C-expressing oocytes at metaphase II was similar to the phenotype observed in Sgo2-deleted oocytes [2, 3] . PIAS1(dn)-CENP-C-expressing oocytes exhibited a reduced but still substantial amount of centromeric Sgo2 at metaphase I, which was comparable to that in oocytes from Sgo2 +/À mice ( Figure 3A ). However, Sgo2 +/À oocytes exhibited no significant increase in cohesion defects at metaphase II compared with Sgo2
oocytes, whereas PIAS1(dn)-CENP-C-expressing Sgo2 +/+ oocytes did ( Figure 3B ). These results were confirmed by analysis of metaphase II oocytes after monastrol treatment ( Figure S3D ). These results suggest that the reduction of centromeric Sgo2 does not solely account for the loss of centromeric cohesion at metaphase II in PIAS1(dn)-CENP-C-expressing oocytes. Moreover, 3D kinetochore tracking analysis [8, 28] demonstrated that PIAS1(dn)-CENP-C-expressing Sgo2 +/+ oocytes exhibited no significant increase in the distance between sister kinetochores compared with control Sgo2 +/+ oocytes at early anaphase I, whereas Sgo2 À/À oocytes did [3, 8] ( Figure 3C ; Video S2). These results suggest that mNG-PIAS1(dn)-CENP-C-expressing oocytes are proficient in Sgo2-dependent protection of centromeric cohesion at anaphase I onset. These findings led us to hypothesize that PIAS1(dn)-CENP-C impaired the maintenance of centromeric cohesion by perturbing the centromeric SUMO pathway during post-anaphase-I periods rather than by perturbing Sgo2 function during Arrowheads indicate misaligned chromosomes. Oocytes with misaligned chromosomes at metaphase I (5 hr after GVBD) and metaphase II (12-14 hr after GVBD) were scored (n = 13, 10, 7, and 18 oocytes; three independent biological experiments were performed). Fisher's exact test was used.
(legend continued on next page) pre-anaphase-I periods. In this scenario, removal of PIAS1(dn)-CENP-C during post-anaphase-I periods should recover the capacity of centromeres to maintain cohesion. To remove PIAS1(dn)-CENP-C, we inserted a Rec8 fragment (referred to as ''Rec8f''; 227-484 aa) into the linker between mNG-PIAS1(dn) and CENP-C (mNG-PIAS1(dn)-Rec8f-CENP-C) ( Figure 4A ). Rec8f contains sites cleaved by separase, which is sharply activated at anaphase I onset [29, 30] . We confirmed that Rec8f was sharply cleaved at anaphase I onset when fused to CENP-C, whereas Rec8f carrying mutations at cleavage sites (Rec8f(nc))
[31] was not ( Figure S4A ). Consistently, mNG-PIAS1(dn)-Rec8f-CENP-C exhibited significantly decreased levels of centromeric localization at telophase I compared with noncleavable mNG-PIAS1(dn)-Rec8f(nc)-CENP-C ( Figures 4A and  4B) . Moreover, PIAS1(dn)-Rec8f-CENP-C-expressing oocytes exhibited a higher level of centromeric SUMO2/3 at telophase I compared with non-cleavable PIAS1(dn)-Rec8f(nc)-CENP-Cexpressing oocytes ( Figure S4B ). These results suggest that the centromeric SUMO pathway during post-anaphase-I periods was at least partially rescued by separase-mediated removal of CENP-C-tethered PIAS1(dn) at anaphase I. To address whether this removal recovered the capacity of centromeres to maintain cohesion, we analyzed centromeric cohesion at metaphase II. We found that in oocytes expressing cleavable mNG-PIAS1(dn)-Rec8f-CENP-C, the frequency of misaligned chromosomes was significantly reduced compared with oocytes expressing non-cleavable mNG-PIAS1(dn)-Rec8f(nc)-CENP-C ( Figure 4C ). Moreover, cohesion defects were significantly decreased ( Figure 4D ). These results were confirmed by analysis of monastrol-treated oocytes (Figure S4C ). These data indicate that the removal of CENP-C-tethered PIAS1(dn) at anaphase I recovered the capacity of oocytes to maintain centromeric cohesion through the meiosis I-II transition. These results suggest that the centromeric SUMO pathway is critical for ensuring the maintenance of centromeric cohesion during post-anaphase-I periods in the meiosis I-II transition.
DISCUSSION
SUMO was originally characterized as a high-copy suppressor of a mutant of mif2, the gene encoding CENP-C in S. cerevisiae [32, 33] . The two-hybrid assay suggests that SUMO E3 ligase PIAS proteins physically interact with CENP-C. The centromeric SUMO pathway is enhanced during post-anaphase-I periods, when Sgo2 localization is undetectable. It is noteworthy that MEIKIN, which is critical for Sgo2 recruitment to centromeres, physically interacts with CENP-C [8] . The MEIKIN-CENP-C interaction is mediated by the C-terminal region of CENP-C [8] , as is the PIAS-CENP-C interaction ( Figure 1A ). MEIKIN dissociates from kinetochores after the onset of anaphase I [8] , which may promote the kinetochore recruitment of PIAS proteins by providing the binding sites of CENP-C.
Our results show that the centromeric SUMO pathway contributes to the maintenance of centromeric Rec8 cohesin during post-anaphase-I periods. Further investigations are needed to understand how the SUMO pathway accomplishes this task. Because sumoylation can change protein-protein interactions [9] [10] [11] , the centromeric SUMO pathway may affect the interactions between Rec8 cohesin and its regulators. One possibility is that Rec8 cohesin is a target of sumoylation, as the mitotic cohesin subunit Scc1 and the cohesin regulator Pds5 are regulated through sumoylation in budding yeast [34] [35] [36] [37] . Another possibility is that sumoylation targets cohesin removers such as separase and Wapl [38] [39] [40] . Our results show that forced activation of the centromeric SUMO pathway by PIAS1-CENP-C failed to suppress separase-mediated precocious sister separation at anaphase I onset in Sgo2 À/À oocytes (Figure S3E) , which is consistent with the idea that the centromeric SUMO pathway has little ability to directly counteract separase. Moreover, the introduction of PIAS1(dn)-CENP-C at metaphase II did not affect centromeric cohesion ( Figure S3C ), making it unlikely that the centromeric SUMO pathway is responsible for counteracting Wapl, which is active at metaphase in mitosis [39, 40] . It is still possible that the centromeric SUMO pathway cooperates with factors that counteract separase and Wapl during post-anaphase-I periods. Although centromeric Sgo2 becomes undetectable shortly after anaphase I onset, our data do not exclude the possibility that residual Sgo2-dependent protective mechanisms are supported by the centromeric SUMO pathway. Future studies are required to quantitatively describe the temporal changes in the activities of cohesin removers such as separase and Wapl during the post-anaphase-I periods. It is tempting to speculate that the SUMO-dependent pathway overlaps with a potential pathway orthologous to the plant PANS1-mediated pathway, which acts to maintain centromeric cohesion during the interkinesis stage [41] . In summary, our study demonstrates that the maintenance of centromeric cohesion through meiosis I-II transition is ensured by a SUMO-dependent pathway that becomes enhanced at centromeres after centromeric Sgo2 becomes undetectable. The maintenance of centromeric cohesion through meiosis I-II transition is critical for preventing precocious sister (B) PIAS1(dn)-CENP-C perturbs SUMO2/3 enrichment. Oocytes were fixed at telophase I (1.1 hr after anaphase I onset) and stained for SUMO2/3 (green), kinetochores (ACA, red), and DNA (Hoechst 33342, blue). The levels of SUMO2/3 signals relative to ACA signals were quantified (n = 15 and 7 oocytes; two independent biological experiments were performed). (C) PIAS1-CENP-C enhances SUMO2/3 enrichment. Oocytes were analyzed as in (B) (n = 13 and 14 oocytes). (D) PIAS1(dn)-CENP-C causes cohesion defects. Oocytes were fixed at metaphase II (12-14 hr after GVBD) and stained for kinetochores (ACA, green) and DNA (Hoechst 33342, blue). In the 3D plots, kinetochore positions are indicated by spheres. Sister kinetochores that exhibited an interkinetochore distance <3 mm are connected by lines. The color code indicates the interkinetochore distance. Unit of the grid, 5 mm. Kinetochore pairs were categorized based on interkinetochore distance and alignment (n = 100, 180, and 100 pairs of 5, 9, and 5 oocytes; three independent biological experiments were performed). (E) PIAS1(dn)-CENP-C causes loss of centromeric cohesin. Oocytes were fixed at metaphase II (12-14 hr after GVBD) and stained for Rec8 (green), kinetochores (ACA, red), and DNA (Hoechst 33342, blue). Arrowheads indicate centromeric Rec8 signals. The levels of Rec8 signals relative to ACA signals were quantified (n = 13 and 26 oocytes; two independent biological experiments were performed). Scale bars, 5 mm. Error bars show SD. N.S., not significant; *p < 0.05, ***p < 0.001, ****p < 0.0001. See also Figures S2 and S3 . chromatid separation, an age-related chromosomal defect that is frequently observed in the eggs of mammals including humans [42, 43] .
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: n n n n n n n n n n n n n n n n n n n n n n n n n n (B) Cleavage of mNG-PIAS1(dn)-Rec8f-CENP-C reduces its centromeric levels during post-anaphase-I periods. The centromeric levels of mNG signals were quantified 6 hr after nuclear envelope breakdown (NEBD) (Meta I) and 50 min after anaphase I onset (Telo I). Normalized values are shown (n = 7 and 7 oocytes from three independent biological experiments). (C) Removal of PIAS1(dn) from centromeres at anaphase I suppresses chromosome misalignment at metaphase II. At metaphase II (6 hr after anaphase I onset), oocytes were categorized based on the number of misaligned chromosomes (n = 72 and 66 oocytes from three independent biological experiments). Arrowheads indicate misaligned chromosomes. The Mann-Whitney U test was used. (D) Removal of PIAS1(dn) from centromeres at anaphase I suppresses cohesion defects at metaphase II. Oocytes were fixed at metaphase II (12-14 hr after GVBD) and stained for kinetochores (ACA, green) and DNA (Hoechst 33342, blue). In the 3D plots, kinetochore positions are indicated by spheres. Sister kinetochores that exhibited an interkinetochore distance <3 mm are connected by lines. The color code indicates the interkinetochore distance. Unit of the grid, 5 mm. Kinetochore pairs were categorized based on interkinetochore distance and alignment (n = 100 and 100 pairs of 5 and 5 oocytes from two independent biological experiments). Scale bars, 5 mm. Error bars show SD. N.S., not significant; ***p < 0.0001. See also Figure S4 . an ocular micrometer. The microinjected GV oocytes were incubated for 2-3 hr in M2 medium supplemented with 200 nM IBMX at
B Constructs
Quantification of the fluorescence signal intensity
To determine the level of PIAS1 around kinetochores, the mean signal intensity of PIAS1 was measured around the peak of the signal and subtracted by the signal intensity at a cytoplasmic region near the kinetochore. Similarly, we determined the level of the ACA signal of the same kinetochore. To determine the relative level of PIAS1 at the kinetochore, we calculated the ratio between the levels of PIAS1 and ACA. For each oocyte, intensities of at least 5 kinetochores were analyzed and averaged. Relative levels of SUMO2/3, Rec8, and Sgo2 signals to the ACA signals were similarly determined. The number of oocytes and the number of biological independent experiments are shown in the figure legends.
To quantify the levels of mNG-SUMO3gg, mEGFP-PIAS1, Sgo2-SunTag, mNG-PIAS1(dn)-Rec8f-CENP-C, and mEGFP-Rec8f-mCherry-CENP-C, the mean signal intensity was measured around the peak of the signal and then subtracted by the average cytoplasm signal intensity. To quantify the levels of PP2A-B56ε-mNG, the mean signal intensity was measured around the peak of the signal and then subtracted by the average chromosomal signal intensity. For each time point, intensities of at least 5 kinetochores were measured. In case no centromeric enrichment was observed, signal intensities near chromosomes were measured. The number of oocytes and the number of biological independent experiments are shown in the figure legends.
Statistical Analysis
Statistical analysis was performed with Prism 6. If not specified, the significance was determined using unpaired Student's t test. The number of kinetochore pairs (when applicable), the number of oocytes, and the number of biological independent experiments are shown in the figure legends.
